Yeast isolates (44) collected from New Zealand orchards were screened for their ability to inhibit lesion development of blue mould of apples caused by Penicillium spp. and bitter rot of apples caused by Colletotrichum acutatum using a detached apple assay. While 28 isolates reduced blue mould lesions significantly compared to the pathogen control, only four of the 44 isolates reduced bitter rot lesion development significantly. These four yeast isolates also reduced the lesion development of blue mould. Increasing concentrations of selected yeasts decreased lesion size in a log-linear fashion. Yeasts applied before the pathogen reduced the lesion size significantly better than when applied after the pathogen. The best reduction in lesion development was achieved by live yeast cells, washed and applied in sterile water without any nutrient supplements. Yeast cell extracts did not result in reduced lesion development.
INTRODUCTION
Blue mould of apples is caused by at least 11 species of Penicillium and is one of the most common postharvest diseases of pome fruit (Sutton 1997 ) with most infections occurring through wounds incurred during harvesting and handling. Due to the development of resistance to common fungicides and concerns with the effect of fungicides on the environment and human health (Eckert & Ogawa 1988) , the use of antagonists to control blue mould has been investigated (Castoria et al. 2001; Ippolito et al. 2000; Leibinger et al. 1997; Scherm et al. 2003) . Currently, in the US there are at least three commercially available microbial antagonists on the market for the control of blue mould (Ippolito et al. 2000) .
Colletotrichum acutatum is a pre and post-harvest disease of apples with quiescent infections occurring prior to harvest developing as the fruit ripens (Peres et al. 2005) causing typical bitter rot symptoms. The use of yeasts to control this disease has also been investigated (Suzzi et al. 1995) .
Yeasts are readily found in the apple phyllosphere and, in a study on the impact of agrichemicals on microbial populations in New Zealand apple orchards, were found to make up over half of the RTU on an apple leaf (Waipara et al. 2002) . The aim of this study was to determine for yeasts frequently found in New Zealand apple orchards their ability to suppress disease development of blue mould and bitter rot as a step towards restorative biological control (Everett et al. 2005 ).
Isolates were selected from the eight main morphological yeast RTU as determined in earlier research (Bakker et al. 2002; Waipara et al. 2002) . However, special emphasis was given to isolates of Aureobasidum pullulans (a yeast-like fungus henceforth referred to as a yeast), which is commonly found in New Zealand apple orchards (Pennycook & Newhook 1981; Waipara et al. 2002) , and is shown to suppress postharvest diseases (Castoria et al. 2001; Ippolito et al. 2000) . A New Zealand isolate of Metchnikowia pulcherrima from the International Collection of Micro-organisms from Plants (ICMP), Manaaki Landcare Research, was also included in the tests as overseas isolates of this species have shown biological control potential against blue mould of apples (Janisiewicz et al. 2001 ).
MATERIALS AND METHODS Pathogens
All pathogens were isolated from New Zealand apple orchards and stored at -80ºC in 30% glycerol. Penicillium spp. isolates P1, P2 and P6 (sourced from P. Elmer, HortResearch) and Colletotrichum acutatum isolates C4, C7 and C8 (sourced from K. Everett, HortResearch), all from apple, were used in the experiments. These isolates were the most aggressive isolates based on lesion size on non-wounded and wounded, inoculated apples. Conidial suspensions for the apple assays were obtained by flooding 7-to 14-day old cultures growing on potato dextrose agar (PDA, Gibco) with sterile distilled water (SDW) and filtering through lens tissue. Unless otherwise stated, conidial concentrations were adjusted with the aid of a haemocytometer to 10 7 and 10 6 conidia/ml respectively for Penicillium spp. and C. acutatum.
Yeasts
All yeasts, except one isolate of M. pulcherrima (ICMP 15535), were collected from New Zealand apple and apricot orchards from 2002 to 2005 and all were stored at -80ºC in 30% glycerol. Yeast cell suspensions were grown in nutrient yeast dextrose broth (NYDB) and prepared as described by Tian et al. (2002) except cells were washed in SDW.
Apple assay
The apple assay was adapted from Scherm et al. (2003) . Briefly, cv. Braeburn apples (Malus domestica) were used in all experiments, except for two experiments where cv. Destaville was used due to the unavailability of cv. Braeburn. Apples were wiped with 100% ethanol and left to dry before wounding. Fruit were wounded at intervals around the shoulder to a depth of 4 mm with a sterile dissecting needle. There were four to eight wound sites per fruit depending on fruit size and number of treatments tested. Several yeasts were tested on the one fruit but each whole fruit was only challenged with one pathogen isolate. Each fruit also had a water control and pathogen only control wound site.
A 10 µl aliquot of the yeast suspension was pipetted on to the wound site and allowed to dry at room temperature for up to 1 h. Then a 10 µl aliquot of the Penicillium spp. or C. acutatum isolate was pipetted onto the wound and allowed to dry at room temperature for up to 1 h. Fruit (four to five) were randomised and placed in 2 litre plastic containers sealed with a fitted lid and incubated at 20°C in the dark. Lesion development was assessed after 5 and 10 days for the Penicillium and Colletotrichum isolates, respectively, by measuring the lesion diameter in two directions at right angles to each other. In all assays there were four to five apple replicates per treatment. This assay was used to determine the ability of 44 yeast isolates to inhibit blue mould (three isolates) and bitter rot (three isolates) of apples in five separate experiments. Yeasts were applied at 10 8 colony forming units per ml, (CFU/ml).
From the results from these assays, yeast isolates that reduced lesion size to less than half of the pathogen control were chosen for studies on the effect of yeast concentration on pathogen suppression. Four yeasts at 10 6 , 10 7 and 10 8 CFU/ml were screened against the three Penicillium isolates and a mix of equal proportions of the three Penicillium isolates on apple cv. Destaville.
The effect of timing of yeast application was also investigated by applying these four yeasts before or after application of the pathogen. In this experiment, apples cv. Destaville were wounded at four sites per apple. Only the Penicillium mix was used in this experiment. Yeast or pathogen suspensions were sprayed until just before run-off on to the top of the apple with an air-brush (Badger) with up to 1 h drying time between the two applications. There was only one yeast treatment per fruit. Water and pathogen only control fruit were also included in the experiment. Apples were incubated and assessed as described above.
Mode of action studies
Mode of action of five A. pullulans isolates was studied by screening these on agar for antagonism towards the three Penicillium spp. and three C. acutatum isolates. Yeast cells from 4-day old cultures grown on malt extract agar (MEA, Merck) at 20°C were streaked onto PDA plates. Two yeast isolates were tested on each plate, with two replicate 4 cm streaks made on opposite sides of a plate. After 2 days growth at 20°C with a 12 h photoperiod, a plug (6 mm diameter) of one of the pathogen isolates grown in the dark on PDA for 5 days was placed mycelial side down in the centre of the plate. Plates were incubated at 20°C in the dark and assessed every 2 days for up to 3 weeks, depending on how long the interaction between yeast and pathogen took to occur. The following key was used to assess this interaction: 0 = no inhibition of pathogen by yeast, pathogen grows over or under yeast 1 = no growth of pathogen on all or part of the yeast 2 = zone of no growth of pathogen around yeast 3 = zone of no growth and die-back of pathogen surrounding yeast Using the apple assay, the mode of action was further studied for these five yeasts against the pathogens C4, C8, P2 and P6 by applying different yeast suspensions. The yeast suspensions were prepared as described above and the supernatant was collected after centrifuging to remove yeast cells. Treatments were:
A. The cell suspension prepared as described above (in SDW). B. The yeast cells resuspended in fresh sterile NYDB. C. The collected supernatant, autoclaved for 15 minutes at 121ºC. D. The collected supernatant sterilised by filtering through a 0.2 µm polycarbonate membrane filter (Millipore). E. Sterile NYDB control (without yeast cells).
Data analysis
For all experiments, the geometric mean of the two lesion diameters (i.e. d 1 d 2 ) was the variate of interest. For the screenings on fruit, data were analysed using linear mixed effect modelling with pathogen and yeast as fixed effects, and experiment and fruit within experiment as random effects. This approach was also used for the concentration study with fruit as random effects, and yeast, pathogen and log 10 concentration (linear and quadratic) as fixed effects. For the timing of application study, simple analysis of variance was used. These analyses were conducted using R 2.1.1 (R Development Core Team 2005). The linear mixed effect models were fitted using lme() of the nlme library (Pinheiro & Bates 2000) . Split-plot analysis of variance, in GenStat 8.1, was used to analyse the data from the mode of action study.
RESULTS
Lesions on fruit were roughly elliptical and data are presented as the geometric mean of the major and minor axes. In all studies using the fruit assay, the water control was omitted from the analyses as there was no lesion development from this treatment. In the screening assay and mode of action study, no differences were found between pathogen isolates (P>0.05) and data for both rots are presented as a mean of the three isolates.
Apple assays
Of the 44 yeast isolates screened against the Penicillium isolates, 28 reduced lesion development significantly (P<0.05) compared to the pathogen only control. Twelve of the 14 A. pullulans isolates screened were in this group. The remainder of the 28 isolates were from four of the eight RTU screened. Only four of the 44 yeast isolates reduced bitter rot lesion development significantly (P<0.05). These were four of the A. pullulans isolates that reduced lesion development of blue mould. The M. pulcherrima isolate did not reduce lesion development significantly (P>0.05).
In the analysis of the yeast concentration data, the pathogen only control with a yeast concentration of zero was excluded from the modeling as it was too far removed from the other concentrations to allow a good fit to be achieved using linear mixed effect modeling. In general, lesions resulting from the pathogen only treatments were smaller than those from the lowest yeast concentration, but larger than those from the higher yeast concentrations. Increasing yeast concentration decreased lesion size in a linear fashion (with respect to log 10 concentration) for all yeasts and pathogens, but the decrease was more marked for P2 and P6 than for P1 or the mixture of these isolates.
Timing of yeast application affected the lesion size (P<0.05) with prior application of yeast resulting in smaller lesions than application after the pathogen (Table 1 ). All yeasts reduced lesion size significantly (P<0.05) compared with the pathogen only control. Mode of action studies On agar, there was some evidence of inhibition of Penicillium spp. growth by all five A. pullulans isolates. This was seen as an area of no growth (score 1) of the Penicillium isolates on the yeast streak. The degree of this inhibition varied between Penicillium isolates and also within a plate and a within a streak on a plate. No antagonism was observed for any of the yeasts against the three Colletotrichum isolates.
Differences between the five A. pullulans isolates to inhibit blue mould and bitter rot were weaker (P=0.036 and 0.094 respectively) than differences among the suspension treatments. These were highly significant (P<0.001) for both pathogens. For Penicillium spp., yeast cells applied in SDW resulted in smaller (P<0.05) lesions than the pathogen control, but yeast cells resuspended in NYDB did not differ (P>0.05) from the pathogen only control. All other treatments resulted in larger lesions (P<0.05) than the pathogen only control. For C. acutatum, the treatments that significantly reduced lesion size (P<0.05) compared with the pathogen only control were yeast cells resuspended in SDW and NYDB (Table 2) .
DISCUSSION
The apple assay allowed identification of yeasts that inhibited lesion development of blue mould and bitter rot in the laboratory. These yeast isolates were found in higher numbers and from a broader range of RTU for blue mould than for bitter rot, suggesting that this assay is more suited to a predominately wound infecting diseases such as blue mould. This inhibition was reproducible in the different experiments (screening, yeast cell concentration, timing of application and mode of action studies) using the apple assay.
The greatest reduction in lesion size was achieved when yeasts were applied before the pathogen. This is in agreement with the results of other researchers (Zhang et al. 2003; Zheng et al. 2005) . The spray application technique gave control similar to the droplet inoculation. In experimentation that relies on natural infection rather than inoculation of the pathogen, this technique could be employed, as large numbers of fruit are often required to demonstrate treatment differences. For both pathogens, increasing the concentration of the yeast cells improved lesion inhibition with the highest concentration of 10 8 CFU/ml giving the greatest inhibition. This suggests that competition for nutrients and space is a factor in the mode of action of these yeasts. This may also explain the lack of inhibition at a yeast concentration of 10 6 CFU/ml. Mechanisms of biocontrol by yeasts include the production of antibiotics and lytic enzymes, parasitism, induced resistance and/or competition for nutrients and space (Janisiewicz & Korsten 2002) . Although A. pullulans may produce the antibiotic aurebasidins (Janisiewicz & Korsten 2002) there was no evidence of this as no significant inhibition was achieved for blue mould and bitter rot by either of the supernatant treatments. However, living yeast cells in SDW gave significant reduction in lesion size for both diseases. These results and the inhibition of growth of the Penicillium isolates on some parts of the yeast on agar plates, suggest that competition for nutrients and space plays a role in the biocontrol effectiveness of these yeasts for both diseases. This is in agreement with the findings of Castoria et al. (2001) .
The yeast isolates did not suppress lesion development of blue mould in the presence of nutrients. In contrast, lesion size increased in all broth treatments compared with the pathogen only control. These trends were similar for bitter rot, although, treatment B (cells in NYDB), still reduced lesion size, albeit at a lower level than cells added in SDW. The reduced inhibition or even increase in lesion size in the presence of NYDB was probably due to the addition of nutrients at the wound site favouring the growth of the pathogen (Scherm et al. 2003) .
Wound-invading fruit pathogens, such as blue mould, require nutrients for germination and infection (Janisiewicz & Korsten 2002) . Therefore, yeasts such as A. pullulans that compete for nutrients, readily multiply and grow on fruit-sugars, are good candidates for biocontrol on fruit.
Yeasts that are inhibitory to both Penicillium and Colletotrichum are common in New Zealand apple orchards. Manipulation of the orchard environment to stimulate growth and efficacy of these yeasts may be a possible new control strategy (Everett et al. 2005) and research in this area is currently being conducted.
